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In order to preselect possible candidates for the origin of diffuse interstellar bands observed, semiempirical quantum mechan-
ical method INDOQ/S was applied to the optical spectra of neutral, cationic, and anionic states of naphthalene and its hydrogen
abstraction and addition derivatives. Comparison with experiment shows that the spectra of naphthalene and its ions were reliably
predicted. The configuration interaction calculations with single-electron excitations provided reasonable excited state wavefunc-
tions compared to ab initio calculations that included higher excitations. The degree of similarity of the predicted spectra of the
hydrogen abstraction and derivatives to those of naphthalene and ions depends largely on the similarity of the = electron config-
urations. For the hydrogen addition derivatives, very little resemblance of the predicted spectra to naphthalene was found because
of the disruption of the aromatic conjugation system. The relevance of these calculations to astrophysical issues is discussed within
the context of these polycyclic aromatic hydrocarbon models. Comparing the calculated electronic energies to the diffuse inter-
stellar bands (DIBs), a list of possible candidates of naphthalene derivatives is established which provides selected candidates

for a definitive test through laboratory studies.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) have
been postulated as important interstellar constitu-
ents both in free form, where they are the most abun-
dant interstellar organic molecules known, and as the
building blocks of interstellar dust [ 1-4]. These mol-
ecules in their ionized and/or neutral forms are
thought to be the origin of a variety of interstellar in-
frared emission features observed in the 700 to 3100
cm™! range. The main hypothesis in the model deal-
ing with the infrared emission is that PAHs probably
present as a mixture of positive ions and some radi-
cals as well as neutral species are responsible for most
of the discrete infrared emission bands through ultra-
violet-pumped infrared fluorescence in a collision-free
environment.

Moreover, the ubiquitous presence of ionized PAHs
in the interstellar medium makes them very attrac-
tive candidates for the diffuse interstellar absorption
bands (DIBs) [5]. DIBs number now more than a

! To whom correspondence should be addressed.

hundred, and extend from about 23000 cm~! (4400
A) to the near infrared [6].

While PAHs have been postulated as an important
interstellar constituent on the basis of the IR emis-
sion spectra, the ultraviolet, visible, and near-in-
frared absorption properties of the free, unperturbed
species, which are required to understand the radia-
tion and energy balance in space, are not known. This
has motivated our semi-empirical quantum mechan-
ical calculations of the electronic structure and spec-
tra of the smallest member of PAHs, i.e. naphthalene
and its derivatives.

Numerous spectroscopic studies on naphthalene
clusters and its radical ions have been carried out in
salt media [7-9 . However, the electronic spectra of
the trapped species were strongly perturbed by the
ionic solvent. A recent study focuses on the spectros-
copy of naphthalene and its ions truly isolated in low-
temperature inert gas matrices where the perturba-
tion of the solvent to the species under study is min-
imum and the environment more relevant to astro-
physical applications [10,11]. Theoretical studies of
neutral naphthalene [12] were facilitated by the well-
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focused assumption that the entire spectrum is de-
rived from excitations within the x electron system.
Procedures such as the PPP and CNDO/S methods
resulted in predictions that were in good agreement
with experiments. These studies also predicted most
of the absorption bands of the naphthalene cation
{13,14] and anion [15-20]. However, neither ex-
perimental nor theoretical study of the hydrogen ab-
straction and addition derivatives have been reported.

Thus, we have calculated the electronic structure
and spectra of these naphthalene radical species in
their neutral, cationic and anionic forms. In order to
validate the methods used, we have repeated calcu-
lations for naphthalene and its anion and cation, and
compared them with experimental results and pre-
vious theoretical calculations.

In a recent study [11], it was found that a small
number of DIBs (six in all) coincide with bands of
the naphthalene cation and that a mixture of differ-
ent PAHs and their derivatives may well explain some
of the DIBs. Thus, the main goal of this work was to
provide theoretical analyses of the calculated spectra
for comparisons with available experimental mea-
surements and also to provide specific candidates
among the various possible isomers for laboratory
studies and comparison with astronomical observa-
tions of the DIBs.

2. Methods

To assess the method used for geometry optimiza-
tion, various semiempirical techniques were used for
naphthalene by using the program MOPAC [21].
AMI1 [22], which gave the optimized geometry of
naphthalene closest to experiment, was used for the
optimization of neutral naphthalene radicals result-

ing from H atom abstraction or addition. There are
four such radicals: C,oH+-a¢", CyoH+-87, CioHo-a¢” and
CoHs-B° (& and B denote the positions where the hy-
drogen atom is abstracted or added). C, symmetry
was imposed during the optimization. Since hydro-
gen addition destroys the aromaticity of naphthalene
7 system, vibrational analyses were performed on the
optimized geometries of C,cHqe-¢” and C,oHg-8" to
verify the geometries obtained to be true energy min-
ima. Energy and spectra calculations were carried out
by using the semiempirical INDO/S method [23].

3. Results

As shown in table 1, AM1 and PM3 gave bond
lengths of naphthalene closest to the average of the
experimentally determined values, as deduced by
Pauling [24]. Thus, AM1 was used for optimizing
the geometries of naphthalene derivatives. The opti-
mized geometries of the four neutral radicals are
shown in fig. 1. The geometries of the hydrogen atom
addition derivatives are not distorted from planarity
and are true energy minima since all vibrational fre-
quencies were found to be real.

The © MO energy levels of naphthalene and its cat-
ion and anion are shown in fig. 2. In the two radicals
resulting from hydrogen abstraction, the 2A’ state was
found to be the ground state, in which the unpaired
electron occupies the nonbonding sp® orbital (o) lo-
calized at the dehydrogenated carbon atom. The 2A”
states with the o orbital doubly occupied and the ns
orbital singly occupied were calculated to be 52.9 and
56.2 kcal/mol higher in energy for C,(H,-a and
C,oH;-B respectively. In the two radicals resulting
from hydrogen atom addition the unpaired electron
in the 2A" ground state occupies the 75 orbital. Since

Table 1
Comparison of optimized bond lengths of naphthalene using different methods
AMI1 MINDO/3 MNDO PM3 Exp. ¥
rec® 1.416 1.430 1.429 1.415 1.401
Fe-ca 1.373 1.380 1.382 1.369 1.372
Fea-c 1.422 1.449 1.439 1.421 1.422
repcp 1.419 1.462 1.435 1.410 1.412

) Ref. [24).
®) The carbon atoms bridging the two rings are labeled as Cand C'.
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Fig. 1. Optimized geometries of the hydrogen abstraction and addition derivatives of naphthalene.
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Fig. 2. 1 MO energy diagram of naphthalene and its ions.

there are no near degenerate orbitals in these radical
species, the 2A” states were assumed to be the ground
states.

For the cations and anions of the dehydrogenated

species of naphthalene, there are three low-lying
states, A", 'A”, and 'A’ formed by different orbital
occupancies and spin couplings. For the cations, the
3A” and 'A" states have two electrons occupying the
75 and o orbitals. The 'A’ state is resulted primarily
from the configuration with both electrons occupy-
ing the =5 orbital mixed in with a second configura-
tion with the two electrons occupying the o orbital.
To determine the ground states of these ionic de-
rivatives, SCF and limited CISD (configuration in-
teraction with single and double excitations) calcu-
lations were carried out. In the SCF calculations, the
state energies were calculated by converging the mo-
lecular orbitals of each state to a single electron con-
figuration. For the CISD calculations, a set of MOs
that are unbiased to either the singlet or the triplet
state were first obtained by applying the configura-
tion-averaged Hartree-Fock procedure [25] over the
three low-lying states resulting from two electrons
distributing in the two orbitals (o and =5 for the cat-
ion and ¢ and n¢ for the anion). CISD calculations
were then performed for each of the low-lying states.
Three reference configurations, |..n%c%>, |..x'c'),
and |...n%?), where = is 75 for the cations and =, for
the anions, were included for all three states. Using
the set of average MOs and the three reference con-
figurations, excitations of singles and doubles were
allowed within a set of nine orbitals, including eight
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7 (m,~Ty) and one nonbonding (o) orbitals.

The determination of the ground states of the cat-
ions and anions of the H-atom addition derivatives
CioHg-a*, C,oHg-B7", C1oHo-~ and C,oHy-5~ was
more straightforward than the ionic species of the H-
abstracted naphthalenes. Since the unpaired electron
occupies the s orbital in the 2A” ground state of the
neutral compound, the most stable anion is formed
by the addition of an electron to that orbital and the
most stable cation by extracting an electron from that
orbital, leading in both cases to 'A’ states.

The electron occupancies and the relative energies
of the three low-lying states of the hydrogen ab-
stracted ions calculated at both the SCF and CISD
levels are listed in table 2. The relative energies cal-
culated with CISD, which takes account of excited
configurations that mix into the single electron con-
figurations, are similar to the ROHF results. At both
levels, A" and 'A’ were calculated to be the ground
states of the cations and the anions, respectively. In
summary, the electron occupancies for the ground
states of the 15 naphthalene derivatives are shown in
table 3.

Singles only configuration interaction (CIS) using
the INDO approximation has been shown to accu-
rately reproduce the optical spectra of neutral naph-
thalene [26] and other PAHs [27]. In this study, the
CIS spectra calculations for naphthalene derivatives
include excitations within the full valence MO set for
naphthalene and its anion and cation. For the hydro-
gen abstraction and addition derivatives of naphtha-
lene, excitations within 10 & orbitals and about 15 ¢
orbitals are included. The optimized geometries of the
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neutral species were used for the spectral calculations
of the neutral as well as the corresponding ionic states.

The calculated spectra of all compounds are shown
in figs. 3a-30. In addition, the spectra of naphthalene
and its cation and anion calculated at the experimen-
tal geometry of naphthalene [24], are compared with
experiments and previous calculations in tables 4-6.
The dominant configurations of the excited states are
also listed in the tables in detail. Tables 7-18 show
the calculated spectra of naphthalene derivatives.
Only those transitions with <40000 cm~! are in-
cluded in these tables.

4, Discussions of computational results

As shown in table 2, both hydrogen abstracted
naphthalene cations are found to have a triplet ground
state, *A”. The open shell singlet state, A", is higher
in energy at the ROHF level, consistent with Hund’s
rule. Inclusion of electron correlations in the CISD
calculations in the complete n space increases the rel-
ative energies of 'A” by about 2 kcal/mol. The closed
shell singlet state, 'A’, was found to be the highest in
energy at both ROHF and CISD levels.

By contrast, for both anions of the hydrogen ab-
straction derivatives, the closed shell singlet state, 'A’,
was calculated to be the ground state because of the
high orbital energy of ns. At both the ROHF and CISD
levels, the triplet state was found to be higher in en-
ergy. The relative energies of the open shell singlet
states are the highest and increase from the ROHF

Table 2
Relative energies of the low-lying states of C,oH, formed by H atom abstraction from naphthalene
Charge State Configuration -H, —Hy,
ROHF CISD ® ROHF CISD ®
+1 A nininininic® 12.7 12.5 12.4 12.4
A" nindnininict 5.3 7.8 2.6 4.0
A" mininininic! 0.0 0.0 0.0 0.0
-1 1A’ n}n3nininindc? 0.0 0.0 0.0 0.0
A" ninininininic! 8.7 14.8 6.1 7.2
A" ninininininic! 5.3 6.1 42 4.0

*) CISD included 8 MOs, 8 electrons, and 3 reference configurations: |...x's'), |..x%6°3, |...n1%?2>. MOs were converged to an average

multiplicity.
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Table 3
Ground state electron occupancies of naphthalene derivatives

Cation Neutral Anion
naphthalene 2A.(..m3nl) 'Ag(..min}) 2By (.. m3n3nE)
—H, A7 (L.minic!) 2A" (..mindc') A’ (..ndnic?)
—Hg A7 (.m3nict) 2A" (..minic!) A’ (..n3nd0?)
+H, 'Ar(..n5n?) 2A7 (..ndwd) 'Ar(..n3nd)
+Hg ‘A (..min?) 2A” (...m3md ‘A’ (..m3nd

level to the CISD level, in parallel with the results cal-
culated for the cations (table 2).

Comparing with experiments [28,29], the calcu-
lated spectra of neutral naphthalene and its ions
demonstrate the reliability of the INDO/S method in
predicting the electronic spectra of PAHs (table 4).
Four allowed transitions 1!Bs,, 1 'B,,, 2 'Bs,, and
2'B,,, were found for naphthalene, with the calcu-
lated oscillator strengths in agreement with the ex-
perimental data. The calculated excitation energy for
the first absorption (32.3 kK), 1 !B;,, agree with ex-
periments almost exactly. The energy for the second
state (33.9 kK), 1 'B,,, also agrees with experiment
very well, only 2 kK lower than the experimental value
taken in the neon matrix [10]. For the higher energy
states, the agreements are not as good and the exci-
tation energies were underestimated by as much as 4
kK. However, compared to typical ab initio calcula-
tions that ignores correlation of ¢ electrons [30], the
current results are significantly better in predicting
excitation energies, as demonstrated by other
semiempirical studies [12].

Although only single excitations were included in
CIS, the dominant configurations of each excited state
of naphthalene are similar to those found in calcula-
tions with higher excitations included [30], indicat-
ing similar qualitative descriptions of these excited
states. However, the contributions of these dominant
configurations are probably over estimated because
of the omission of excitations of doubles and higher.
In this study, two main excitations, la,—2b;, and
2b,,—2b,,, were found for the first excited state,
1 'B,,, with about half to half out-of-phase combina-
tion. The first excitation is from the highest occupied
orbital to the second lowest unoccupied orbital and
the second excitation is from the second highest oc-
cupied orbital to the lowest unoccupied orbital. As
shown in the orbital energy diagram (fig. 2), these

two excitations require about the same energy and
thus mix almost equally. The small oscillator strength
for 1 'By, and large oscillator strength for 2 B, are a
result of this mixing, as illustrated by Hoijtink et al.
[19]. By contrast, the two dominant configurations
of 1'B,, and 2'B,,, la,~2b,, and 2b,,—»2bs,, re-
quire different energies and these two states have os-
cillator strengths closer to each other.

For the symmetry forbidden transitions, the
INDO/S energies are lower than the ab initio ener-
gies but the dominant configurations are mostly the
same, similar to those states of allowed transitions
(table 4). One state, 1 'Bs, involving excitations to a
o* orbital, was also found near 50 kK.

Similar accuracies were obtained for the calculated
spectra of naphthalene cation and anion compared to
experiments (tables 5 and 6). Although the calcu-
lated oscillator strengths for the cation spectrum show
discrepancies with the experimental values obtained
in the neon matrix [10], they are in good agreement
with the measurements in the freon matrix [16] and
polarized spectra [17]. Compared to the existing
theoretical results on the naphthalene cation and an-
ion using other semiempirical methods [13-13],
these predicted spectra are slightly more accurate and
more complete. In addition to the transitions corre-
sponding to the four excited states of naphthalene,
more lower-energy excitations were found for the
cation and the anion. The extra bands result from the
excitations to the half filled orbitals, 1a, for the cat-
ion and 2b,, for the anion. For the anion, two weak
transitions mostly resulting from n—o* were also
found to be near 30 and 42.2 kK respectively. The
oscillator strengths of these transitions were found to
be small, in agreement with experiment.

Good agreement of the spectra calculated for
naphthalene and its cation and anion with experi-
ment allowed us to extend the INDO/S method to
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Fig. 3. Calculated electronic spectra of neutral and ionic species of naphthalene and its hydrogen abstraction and addition derivatives.
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Table 4
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INDO/S-CI calculated excited states of neutral naphthalene (energy in 1000 cm™!)

State Polarization This work * Ab 1nitio calculation » Experiment
Configuration ¢2 AE(f) Configuration ¢ AE() AE(f)© AE(f)¥ AE()®
1A, HF 1.00 0.0 HF 0.82 0.0
1'By, x la,—2b;, 0.54 32.3(0.003) la,—2b; 0.34 36.3(0.001) 32.1(0.07) 32.2(0.001) 32.0(0.002)
2b, —2b,,  0.43 2byu—s2bs 0.38
1By, ¥ la,—2b,, 0.86 33.9(0.166) la,—2by 0.77 54.0(0.100) 35.8(0.13) 35.9(0.11) 35.9(0.102)
2by—2bs;, 0.1 2b,—2bs, 0.09
2'By, x 2by,—2by, 0.54 42.8(1.590) 2b,,—2by 0.42 66.1(1.94) 47.3(1.72) 47.5(1.3) 48.4(1.3)
la,»2b;,  0.42 1a,—2bs, 0.41
1B,y la,—3b,, 0.92 429 la,—3b,, 0.30 55.6
1b35 2bzg 0.26
214, 2b,,—»3b,  0.61 44.5 2b1u—3byy 0.31 48.4
1by—>2b;, 0.2 1b3g—2bs, 0.27
2'B,, 2by,2b;,  0.83 45.3(0.563) 2b,,—2bs, 0.42 64.5(0.50) 49.1(0.60) 52.6 49.5(0.3)
la,»2b,, 0.1 1a,-2bsg 0.41
1'B,, la,— Sby,(c*) 0.94 49.3 - -
2'B,, Iby—2by,  0.93 49.5 1bg—2bs, 0.22 62.9
2by, 12, 2b3;2bs, 0.13
2b,,—2a, 0.12
1a,~2bs, 0.41

*) CIS includes full 48 MOs of the ground state 'A, calculated with RHF-SCF.

®} CASSCF, Matos and Roos, ref. [27].

) Neon matrix, Salama and Allamandola, ref. [10].
) Energy-loss (vapor), Huebner et al., ref. [28].

) Absorption (vapor), George and Morrs, ref. {29].

the prediction of the spectra for the twelve unchar-
acterized naphthalene derivatives, the hydrogen ab-
straction and addition compounds and their cationic
and anionic forms. The calculated spectra, together
with those of naphthalene and its cation and anion,
are plotted in figs. 3a-3o.

Some general similarities and differences can be
found among the calculated spectra of these hydro-
gen abstraction and addition derivatives. Similar
spectra are found for derivatives with the same = elec-
tron configurations. For example, the cations of both
hydrogen abstracted derivatives, C,(H,-a™ and
C,oH~B", have similar excited state profiles as
naphthalene cation. They all include a weak transi-
tion to the half filled n5 orbital near 16 kK, n;—-ns,
and a moderately strong transition near 37 kK, ns— .
Even the weak transitions between 20-25 kK are
present in these three states. This similarity is a result
of the same electron occupancy in the x space of the
three cations and the small perturbation of the sec-
ond unpaired electron occupying the nonbonding ©

orbital of the A" states of C;oH;-a* and C,;H-8*
to the spectra. No transitions associated with this ¢
orbital were found because excitations of the & elec-
trons to this orbital are symmetry forbidden.

The spectra of the neutral species, C,oH;,-a" and
C,oH-8, are also similar to the spectrum of naph-
thalene. A strong absorption resulting from the mix-
ture of n,—ng and ns— 7w, was found near 43 kK for
both compounds. A weak transition, ns— ®s, was also
found near 38 kK, slightly higher in energy than the
corresponding peak of naphthalene.

In contrast to the close correspondence between the
spectra of the cations and neutral compounds of the
hydrogen abstracted derivatives and those of naph-
thalene, for the anions, C,(H,-a~ and C,H;-f~, the
calculated spectra are not similar to that of the naph-
thalene anion. For example, no corresponding low-
energy (<25 kK) absorptions were found for these
compounds. This is because, in the ground states 'A’,
the extra electron occupies the nonbonding ¢ orbital
of the carbon atom. As a result, the antibonding = or-



P. Du et al. / Chemical Physics 173 (1993) 421-437 429

Table 5
INDO/S-CI calculated excited states of naphthalene cation (energy 1n 1000 cm™!)

State This work @ Theory Experiment
main configuration, coeff? polarization AE(f) AE(f)®  AE()© AE(fX109) 9 AE(f)® AE()P
12333 1bsg— 1a,, 0.92 x 15.2(0.105) 21.5(0.20) 14.4(0.091) 14.8(4.0) 14.5(0.04) 14.8(0.20)
12B,, 1a,—2byy, 0.74; 1by;—2b,,, 0.10 y 20.5(0.040) 32.6(0.01) 22.7(0.115) 21.9(0.2) 21.4(0.01) 21.0(0.08)
2byy—2bs,, 0.08
.'ZZBZ8 by, la,, 0.63; 2b;,—2bs,, 0.30 y 25.0(0.068) 35.6(0.22) 19.2(0.006) 26.5(1.0) 25.8(0.03) 26.0(0.30)
22B,, la,—2by,, 0.54;2b,,—2by, 0.43 x 34.6(0.017) 33.3(0.02) 34.4(0.195) 32.4(8.0) 32.5(0.05)
32Byg 2b,,—2by, 0.60; 1a,-2by,, 0.26 x 36.7(0.492) 45.6(1.92) 37.3(0.363) 36.2
12, 3bs, 0.05
3232, 2by,—2by,, 0.49; 1by—1a,,0.21 y 42.2(0.163) 43.9(0.100) 40.9
2b,, 3bsg, 0.12; 12, 2bsy, 0.10
42B2§ 2b;y—2b;,, 0.90 y 47.4(0.274) 52.3(0.363) 449
42Bs, 2b,,~2by, 0.50; 1a,—2b3,, 0.23 x 49.1(0.907) 49.3(0.977)

1a,-2bs,, 0.16

#) CIS includes full 48 MOs of the ground state A, calculated with ROHF-SCF. Only allowed transitions are included.

®) CNDO, Jorgensen and Poulsen, ref. [13].

) PPP, Zahradnik et al., ref. [14].

4) Neon matrix, Salama and Allamandola, ref. [10].

©) Freon matrix, Shita, ref. [ 16]. Oscillator strengths were converted from extinction coefficients with band widths of 1000 cm—".
) Polarized spectrum, Hiratsuka et al., ref. [17].

Table 6
INDO/S-CI calculated excited states of naphthalene anion (energy in 1000 cm ™)

State This work Theory Experiment

main configuration, coeff? polarization AE(f) AE(f)® AE(f)° AE(f)® AE()® AENND
12B,, 2by—3b,,, 0.92 x 9.7(0.066) 16.2(0.16) 14.1(0.970) 11.9(0.02) 11.8(0.02) 12.2(0.01)
12A, 2bg—2a,,0.82;2b;,—»2b,,, 0.08 y 13.5(0.044) 22.1(0.1) 19.5(0.008) 13.2(0.02) 13.0(0.01)
224, la,—2by,, 0.69; 2by,—»2by,, 0.14 18.6(0.071) 34.5(0.14) 23.6(0.147) 20.3(0.01) 22.0(0.01)

lb3g—‘3b|u, 0.08
12B,, 2byg— 0%, 0.90 z 33.7(0.032) 36.5(0.00) - 27.0(0.03) 27.0(0.03)
22B,, 1a,—2bs,, 0.68; 2b,,—2by,, 027 x 34.9(0.116) 34.3(0.00) 32.5(0.153) 30.8(0.08) 30.5(0.08) 30.8(0.03)
32B,, 2b;,—2byg, 0.50; 1a,—2b,,, 0.40 x 37.9(0.399) 44.7(1.84) 35.7(0.391) 33.9(0.10) 33.5(0.09) 34.1(0.03)
3%2A, 2b;,—2b;,, 0.62; 13,—2by,, 0.13 y 38.8(0.150) - 41.4(0.091)

2by, > 3bsg, 0.12; 2bye—2a,,, 0.09
2 2By, 2by—0%,0.88;2b,,»0%,0.05 z 45.7(0.008) 40.7(0.00) -
47A, 2b,,—2by,, 0.91 y 45.4(0.235) 44.4(0.919) 43.5(0.16) 43.0(0.03)
42B,, la,—2by, 0.77; 2b,,~2by, 0.16 X 49.3(0.847)

2) CIS includes full 48 MOs of the ground state 2B calculated with ROHF-SCF. Only allowed transitions are included.

®) CNDO, Jorgensen and Poulsen, ref. [13].

) PPP, Heinze and Zimmermann, ref. {15].

9 MTHF, Shida, ref. [9]. Oscillator strengths were converted from extinction coefficients with band widths of 1000 cm~".

) Solution, Brandes and Gerdes, ref. [18]. Oscillator strengths were converted from extinction coefficients with band widths of 1000
cm~t,

" Glass, Hoijtink and Zandstra, ref. [30]. Oscillator strengths were converted from extinction coefficients with band widths of 1000
cm~l
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Table 7
Calculated spectrum of C,oH,-a* (PA")
State E (kK) f Polarization Excitation Coeff?
33A" 16.1 0.094 x 3a” (pi3)  -5a” (piS) 0.89
437" 21.9 0.030 y 5a” (pi5) -6a” (pi6) 0.69
3a” (p13) -8a” (pi8) 0.11
4a” (pi4d) -7a" (pi7) 0.10
13A° 249 0.004 z 19a’ (Casp2)-6a” (pi6) 0.67
19a’ (Casp2)-8a” (pi8) 0.14
53A" 25.0 0.034 y 2a" (pi2) -5a” (p15) 0.52
4a” (p14) -7a” (pi7) 0.38
63A" 27.0 0.014 y 4a” (pi4) -7a” (pi7) 0.69
2a" (pi2) -5a" (pis) 0.10
73A" 30.0 0.009 x 4a” (pi4)  -6a” (pi6) 0.75
83A” 3.1 0.003 X 5a” (pi5) -8a” (pi8) 0.45
3a” (pi3) -6a” (pi6) 0.20
4a” (pi4) -6a” (pi6) 0.16
103A” 343 0.009 x 5a” (pi5) -7a" (pi7) 0.56
4a” (pi4) -6a" (pi6) 0.29
437" 35.3 0.001 z 3a” (pi3)  -19a’ (Casp2) 0.84
113A” 37.2 0.053 X 4a” (pid) -8a” (pi8) 0.40
3a” (p13) -7a’ (pi7) 0.25
42" (pi4)  —-6a” (pi6) 0.15
2a” (pi2)  -6a” (pi16) 0.10
123A” 37.7 0.509 x 4a” (pi4d)  -6a” (pi6) 0.58
sa” (piS) -7a” (pi7) 0.17
Table 8
Calculated spectrum of C,oHa" (*A")
State E (kK) f Polarization Excitation Coeff?
22A" 27.3 0.007 z 19a’ (Casp2)-6a” (pi6) 0.53
19a’ (Casp2)-8a” (pif) 0.16
5a” (pis) —-19a’ (Casp2) 0.11
62A' 31.9 0.008 X 5a” (pi5) -7a” (pi7) 0.40
4a" (p14) —6a” (pi6) 0.28
5a” (p15) -9a” (pi9) 0.11
82A’ 34.2 0.008 Xy 4a” (pi4) —6a” (p16) 0.44
5a” (p15) -9a” (pi9) 0.18
sa” (p13)  -7a” {pi?) 0.14
927" 36.9 0.153 y S5a” (m5)  -6a” (pi6) 0.89
4a” (pid) -7a” (p17) 0.08

bitals are left unoccupied, which is exactly the same
electron configuration of the neutral naphthalene. In
fact, the spectra of C,oHs-a~ and C,(H;-f~ are sim-
ilar in some aspects to that of naphthalene.

The calculated spectra of the hydrogen addition
derivatives vary according to the position of hydro-
gen addition. Because of the disruption of the aro-
matic conjugation in the & space, they do not resem-

ble naphthalene and its ions. Among the different
ionization states of these derivatives, the anions tend
to have stronger absorptions near 20 kK and the cat-
ion have stronger transitions near 30 kK. Only weak
transitions were found for the neutral compounds in
these two regions.

These calculated spectra of naphthalene deriva-
tives can be useful in identifying extra absorptions
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Table 9
Calculated spectrum of C,gH,-a~ ('A’)

State E (kK) f Polarization Excitation Coeff?
1A 9.9 0.004 z 19a’ (Casp2)-6a” (pi6) 0.67
19a’ (Casp2)-9a” (pi9) 0.13
19a’ (Casp2)~10a” (pil0) 0.12
3IA” 23.5 0.002 z 19a’ (Casp2)-8a” (pi8) 0.41
19a’ (Casp2)-6a” (pi6) 0.28
19a’ (Casp2)-10a” (pil0) 0.19
19a’ (Casp2)-9a” (pi9) 0.11
44" 313 0.009 z 19a’ (Casp2)-8a” (p18) 0.42
19a’ (Casp2)-10a” (pil0) 0.25
19a’ (Casp2)-9a” (p19) 0.19
192’ (Casp2)-T7a" (pi7) 0.10
2IA° 30.5 0.093 Xy 5a” (piS) —-6a” (pi6) 0.71
5a" (pis) —7a” (pi7) 0.14
31A7 31.9 0.042 Xy Sa" (pis) =7a” (pi7) 0.47
4a” (pid) —6a” (p16) 0.28
S5a” (pi5) -6a” (pi6) 0.19
4'A’ 36.4 0.005 xy 19a’ (Casp2)-20a’ 0.58
19a’ (Casp2)-22a’ 0.26

observed in the laboratory. For example, absorptions
of the naphthalene anion observed in the 20-25 kK
region were first attributed to hydrogen adduct im-
purities based on the observation that these transi-
tions are non-polarized [20,31]. However, these two
transitions were reassigned to the transitions of
naphthalene anion itself by Shida and Iwata [16].
According to the current results, the naphthalene an-
ion is not predicted to have observable transitions in
this region. Instead, the hydrogen addition deriva-
tives, C,oHo-B~ and C,oHy-a~ for example, show
weak and moderate absorption in this region.

5. Relevance to the diffuse interstellar bands (DIBs)
issue

The calculated electronic transitions of naphtha-
lene and its neutral and ionic derivatives relevant to
the DIBs, are reported in table 19. From the astro-
physical point of view, these calculations indicate that:

(1) Neutral naphthalene and its dehydrogenated
counterparts (C,oHs-a and C,oH--$) do not absorb
in the visible region and, hence, cannot contribute to
the DIBs. On the contrary, the neutral species C,oHg-
a and C,gHo-f do show electronic absorptions in the
visible region, and could contribute to the DIBs.

(2) Naphthalene anion and its derivatives ob-
tained either by abstraction or addition of a hydro-
gen atom all show electronic transitions falling in the
visible or/and near-infrared regions, implying possi-
ble contributions to the DIBs.

(3) Naphthalene cation and its dehydrogenated
counterparts (C,;;H_;-a* and C,(H_,-f*) do ab-
sorb in the visible region and, hence, could contrib-
ute to the DIBs. C,oHqs-a¢™ and C,oHq-87, however,
do not absorb in the visible region and cannot con-
tribute to the DIBs.

In all, 19 electronic transitions of naphthalene and
its derivatives fall in the range of the diffuse inter-
stellar bands designating these species as potential
candidates for the DIBs, as shown in table 19.

One should, however, bear in mind two important
facts when making such correlations. First, theoreti-
cal calculations provide the relative energies of the
electronic levels of each molecular species and, hence,
these values can be shifted from the absolute values
measured experimentally and which can be corre-
lated to the DIBs. For example, in the case of the
naphthalene cation (C,,Hg ), a comparison of the
calculated energy levels with the corresponding val-
ues measured when the molecular ion is isolated in a
neon matrix [10,11], which constitutes the most rel-
evant environment to simulate the conditions reign-
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Table 10
Calculated spectrum of C,gH,-b* (*A")

State E (kK) f Polarization Excitation Coeff?
337 16.2 0.095 x 3a” (pi3) -5a” (pi5) 0.89
4377 217 0.030 y 5a" (pis) -6a” (pi6) 0.72

3a” (pi3) -8a” (pi8) 0.11

13A7 24.2 0.002 z 19a’ (Cbsp2)—-6a” (pi6) 0.40

4a” (pid) -19a’ (Cbsp2) 0.16

19a’ (Cbsp2)-7a“ (pi7) 0.11

19a’ (Cbsp2)-9a” (pi%) 0.10

19a’ (Cbsp2)-8a“ (pi8) 0.10

53A" 25.1 0.049 y 2a” (pi2) -5a" (piS) 0.59

4a” (pid) -7a” (pi7) 0.34

63A" 26.2 0.001 xy 4a” (pid)  -7a” (pi7) 0.63

4a” (pi4) -6a” (pi6) 0.11

3a” (pi3) -8a” (pi8) 0.10

73A" 29.2 0.001 xy 4a” (pi4) -6a” (pi6) 0.54

3a" (pi3) -6a” (pi6) 0.28

83A” 30.2 0.001 xy 5a” (pi5) -8a” (pi8) 0.57

3a” (pi3) -6a" (p16) 0.20

103A" 34.6 0.036 x 5a” (pi5) -7a” (pi7) 0.54
42" (p14) -6a” (pi6) 0.40

113A” 35.9 0.047 x 4a” (pi4) -8a” (pi8) 0.49
3a” (pi3) -7a” (pi7) 0.20

2a” (pi2) -6a” (p16) 0.11

123A" 374 0.433 X 4a” (pi4) -6a” (pi6) 0.55
5a” (pi5) -7a" (p17) 0.19

23A° 284 0.003 z 4a" (pi4) -19a’ (Cbsp2) 0.54

19a’ (Cbsp2)-6a” (pi6) 0.18

2a" (p12) -19a’ (Cbsp2) 0.15

43A’ 34.0 0.004 z 19a’ (Cbsp2)-7a” (pi7) 0.51

19a’ (Cbsp2)-9a” (pi9) 0.16

192’ (Cbsp2)-6a” (pi6) 0.14

ing in the interstellar medium (i.e. the least perturb-
ing medium ), indicates shifts of about 400 cm—! (162
Aat ~6500 A) and 1400 cm—" (318 A at ~4500 A)
for the two visible transitions falling in the range of
the DIBs (see tables 5 and 19). This implies that one
needs to deal carefully with such results which must
be used only as a tool to preselect plausible candi-
dates for the DIBs and help focus on the species which
deserve an experimental study. Second, these calcu-
lations provide the electronic energy levels of naph-
thalene and its derivatives but no information on the
vibronic structure which is part of the real spectrum,
was included. The vibronic structure is particularly
important here to explain the interstellar features as
indicated by the case of the naphthalene cation
(C,oHg ) where all the 6 visible bands which do fit
DIBs belong to the same electronic band system (the

lowest energy system at 6579 A (theory)/6741 A (Ne
matrix)) [10,11]. The vibronic structure will be ob-
tained from the laboratory measurement of the spec-
tra of the species preselected from the theoretical
calculations.

Finally, it can be seen how important is the role of
theoretical calculations to help clarify a problem as
complex as the identification of the DIBs. Faced with
a large family of molecules (PAHs) including nu-
merous isomers which can each show multiple pos-
sibilities for hydrogen-atom addition or abstraction
and need to be considered in their neutral and ion-
ized forms, one is faced with an enormous (if not im-
possible) task to test the relevance of each candidate
to the DIBs. Theoretical calculations of the elec-
tronic structures of a vast number of these species al-
low one to preselect potential candidates for labora-
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Table 11
Calculated spectrum of C,oH,-b™ (2A’)

State E (kK) f Polarization Excitation Coeff?
227" 28.5 0.006 z 192’ (Cbsp2)-6a” (pi6) 0.38
19a’ (Cbsp2)-7a” (pi7) 0.16
5a” (pis) —19a’ (Cbsp2) 0.13
19a’ (Cbsp2)-9a” (pi9) 0.11
192’ (Cbsp2)-8a” (pi8) 0.11
52A7 29.5 0.001 y 4a” (pid) -~7a" (pi7) 0.66
5a” (pi5) -6a” (pi6) 0.14
62A’ 324 0.005 Xy 5a” (pi5) =7a" (pi7) 0.41
4a” (pi4d) -6a” (pi6) 0.35
72A¢ 33.7 0.005 xy 4a" (pid) —6a” (pi6) 0.54
Sa” (pis) -7a" (pi7) 0.28
82A’ 345 0.009 y S5a” (pis) -7a" (pi7) 0.28
5a” (pis) -9a” (pi9) 0.22
4a” (pid) -8a” (pi8) 0.18
2a” (pi2) —-6a" (pi6) 0.11
427" 349 0.002 z 19a’ (Cbsp2)-7a” (pi7) 0.44
19a’ (Cbsp2)-6a” (pi6) 0.24
19a’ (Cbsp2)-%a” (pi9) 0.11
92’ 37.0 0.161 y Sa” (pis)  -6a” (pi6) 0.84
Table 12
Calculated spectrum of C,oH,-b~ ('A’)
State E (kK) f Polarization Excitation Coeff?
1A 9.6 0.001 z 19a’ (Cbsp2)-6a” (pi6) 0.66
19a’ (Cbsp2)-8a” (pi8) 0.26
2'A" 14.7 0.004 z 19a’ (Cbsp2)-T7a” (pi7) 0.60
19a’ (Cbsp2)-9a” (pi9) 0.20
19a’ (Cbsp2)-10a” (pil0) 0.16
A 25.1 0.003 z 19a’ (Cbsp2)-8a” (pi8) 0.62
19a’ (Cbsp2)-6a" (pi6) 0.30
2A° 30.0 0.100 Xy 5a” (pi5) -6a” (pi6) 0.78
41A" 30.6 0.012 z 192’ (Cbsp2)-10a” (pil0) 0.51
19a’ (Cbsp2)-7a" (pi7) 0.32
19a’ (Cbsp2)-8a” (pi8) 0.10
3A’ 33.1 0.015 xy 5a" (pi5) -7a" (pi7) 0.47
4a" (pid) —6a” (p16) 0.33
5a" (piS)  -6a” (pi6) 0.12
417 35.4 0.045 x 192’ (Cbsp2)-20a’ 0.41
192’ (Cbsp2)-21a’ 0.26
Table 13
Calculated spectrum of C,oHs-a* ('A’)
State E (XK) f Polarization Excitation Coeff?
2'A’ 25.8 0.077 xy 5a” (pid)—-6a" (piS) 0.97
3AY 29.0 0.489 x 4a” (pi3)-6a” (pis) 0.95
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Table 14

Calculated spectrum of C,gHo-a" (2A")
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State E (kK) s Polarization Excitation Coeff?
224" 15.7 0.001 x 6a” (pi5)-7a” (pi6) 0.43
4a” (pi3)-6a” (pis) 0.16
5a” (pid)-8a” (pi7) 0.10
3277 23.4 0.006 xy 6a” (piS)-8a” (pi7) 0.29
6a" (pi5)-9a” (pi8) 0.19
4a” (pi3)-8a” (pi7) 0.10
5a” (pid)-6a" (pis) 0.10
474" 23.6 0.002 xy 6a” (pi5)-9a” (pi8) 0.26
6a” (pi5)-8a” (pi7) 0.19
da” (pi3)-Ta" (pi6) 0.10
52A" 30.8 0.014 xy 5a” (pi4)-8a” (pi7) 0.49
5a” (pid)-6a” (piS) 0.13
12A’ 34.0 0.001 z 6a” (pi5)-20a’ 0.77
224" 34.6 0.027 Sa” (pid)-6a” (pi5) 0.25
5a” (pid)-Ta” (pi6) 0.17
5a” (pi4)-8a” (pi7) 0.16
6a” (pis)-8a” (pi7) 0.14
727" 36.4 0.239 x 4a” (pi3)-6a” (pis) 0.44
6a” (pis)-7a” (pib) 0.27
22p 39.4 0.002 3 6a” (pis)-2la’ 0.53
6a” (piS)-23a’ 0.21
43" (pi3)-20a’ 0.10
Table 15
Calculated spectrum of C,gHgs-a~ ('A")
State E (kK) f Polarization Excitation Coeff?
2'A’ 20.0 0.025 xy 6a” (pi5)-7a" (pi6) 0.57
6a” (pi5)-8a” (pi7) 0.39
3IAY 22.1 0.417 X 6a” (pi5)-8a” (pi7) 0.54
6a” (pi5)-T7a” (pi6) 0.40
414’ 349 0.172 y 6a” (pis)-22a’ 0.47
A" 39.3 0.002 z 6a” (p15)-24a’ 0.31
6a” (pi5)-2la’ 0.18
Table 16
Calculated spectrum of C,oHg-b* ('A’)
State E (kK) f Polarization Excitation Coeff?
2A 234 0.184 xy Sa” (pid)—6a” (pi5) 0.97
3'A° 35.6 0.138 Xy 4a” (pi3)-6a" (pis) 0.69
5a” (pid)-7a” (pi6) 0.26
410’ 40.0 0.014 Xy 3a” (pi2)-6a” (pis) 0.73
5a” (pi4)-8a” (pi7) 0.13
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Table 17
Calculated spectrum of C,oHo-b" (2A”)

State E (kK) f Polarization Excitation Coeff?
227" 13.3 0.001 Xy 5a” (pi4)-Ta" (pi6) 0.32
6a” (pi5)-7a” (pi6) 0.26
327" 18.4 0.006 xy 6a” (pi5)-8a” (pi7) 0.30
4a" (pid4)-8a” (pi7) 0.29
4a” (pi3)-6a” (pis) 0.11
427" 22.8 0.001 y 6a” (pi5)-9a” (pi8) 0.19
S5a" (pi4)-9a” (pi8) 0.15
6a” (pis)~7a” (pi6) 0.12
52A" 28.5 0.087 Xy 5a" (pi4)-8a” (pi7) 0.37
5a” (pid)-6a” (pisS) 0.29
6a” (pi5)-7a” (p16) 0.10
6%A” 30.6 0.040 xy 5a” (pid)-Ta” (pi6) 0.33
6a” (pi5)-7a” (p16) 0.12
4a” (pi3)-7a" (pi6) 0.11
5a” (pi4)-9a” (pi8) 0.11
124 33.7 0.004 z 6a” (pi5)-20a’ 0.70
72A" 35.0 0.005 Xy 6a” (pi5)-9a” (pi9) 0.21
4a” (pi3)-9a” (pi9) 0.15
6a” (pi5)-9a” (pi8) 0.11
82A" 38.8 0.030 y 5a” (pid)-8a” (pi7) 0.25
Sa” (pid)-7a" (pi6) 0.20
4a” (pi3)-6a” (piS) 0.15
Table 18
Calculated spectrum of C,oHg-b~ (!A")
State E (kK) f Polarization Excitation Coeff?
2'A7 16.4 0.108 xy 6a” (piS)-7a” (pi6) 0.98
3'AC 26.8 0.037 Xy 6a” (pi5)-9a” (pi8) 0.67
6a” (pi5)-8a” (pi7) 0.30
417’ 29.9 0.375 Xy 6a” (pi5)-8a” (pi7) 0.61
6a” (pi5)-9a” (pi8) 0.31
21A" 37.0 0.003 z 6a” (pi5)-2la’ 0.84

tory study to be performed in an environment
relevant to astrophysical applications. Then, and only
then, can a one-to-one correspondence between the
measured spectra of PAH derivatives and the DIBs
be attempted.

6. Conclusions

Comparison of the calculated spectra with experi-
ment shows that the optical spectra of naphthalene
and its ions can be reliably predicted by the INDO/S
method. The degree of similarity of the predicted

spectra of the hydrogen abstraction and derivatives
to those of naphthalene and ions depends largely on
the similarity of the © electron configurations. For the
hydrogen addition derivatives, very little resem-
blance of the predicted spectra to naphthalene was
found because of the disruption of the aromatic con-
jugation system.

The study of the astrophysical implications of this
work indicates that 19 electronic transitions of naph-
thalene and its derivatives fall in the visible and near-
infrared range suggesting a possible correlation with
the diffuse interstellar bands (DIBs). The selected
species, reported in table 19, are tentatively desig-
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Table 19

Calculated energies and oscillator strengths of electronic transitions of naphthalene and derivatives relevant to the DIB issue

Energy Wavelength Oscillator Species
(cm™1) (A) strength
15200 6579 0.105 CioH7
20500 4878 0.040 CioHy
9700 10 309 0.066 CoHg
13500 7407 0.044 C,oHg
18 600 5376 0.071 C,oHg
16100 6211 0.094 CoHyat
21900 4566 0.030 CoHyat
9900 10101 0.004 CoHya™
16 200 6173 0.095 CoHs-B*
21700 4608 0.030 CoHs-B*
9600 10417 0.001 CioHs8~
14700 6803 0.004 C,oH+-8~
15700 6369 0.001 CoHox
20000 5000 0.025 CoHs-cx~
22100 4525 0.417 CioHo-a™
13300 7519 0.001 CoHo-8
18400 5435 0.006 C\oHo-8
22 800 4836 0.001 C,oHo-8
16 400 6098 0.108 CoHs-8~

nated as potential candidates for some of the DIBs,
since the calculated wave lengths are in the same re-
gion. However, it is stressed that further experimen-
tal studies in an astrophysically relevant environ-
ment are needed to establish a definitive one-to-one
correlation between the vibronic bands of a given
PAH species and some of the DIBs.
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